The ordering of restriction endonuclease fragments of HSV-2 DNA for physical maps has been studied using molecular hybridization techniques and the cleavage of isolated restriction endonuclease fragments with further restriction endonucleases. Physical maps for the fragments produced by EcoRI, Hind III, Bgl II, Xba and Hpa I have been constructed. The tool. wt. of the various regions which constitute HSV-2 genome are very similar to the corresponding tool. wt. in the HSV-I genome.
INTRODUCTION
Herpes simplex virus (HSV) genome consists of a linear duplex molecule of about 84 to roox Io 6 daltons (Kieff et al. I97~; Wagner et al. 1974) . Electron microscope studies suggested that the HSV-I DNA molecule has a terminal redundancy of about 5 x io ~ daltons (Grafstrom et al. 1974, I975; Sheldrick & Berthelot, 1974; Wadsworth et al. I975) . Sheldrick & Berthelot (I974) also showed that this terminal redundancy formed part of longer terminal repetitive sequences which were also present as conjoint internal inversions. The terminal and internal inverted repetitions delimited a short and a long unique sequence. This is depicted in Fig. ~ , which shows our current understanding of the genome structure with the various regions identified. Sheldrick & Berthelot 0974) also proposed that the unique sequences S and L might become inverted by recombination events.
This model was later confirmed by several other groups including the prediction that the S and L regions might invert (Wilkie et al. I974; Hayward et al. I975a, b; Skare et al. I975; Clements et al. 1976; Wilkie & Cortini, I976) . One consequence of this is that the DNA consists of four different populations of molecules in which S and L have differing orientations. This is illustrated in Fig. I which also shows the consequences of the model for the relative molar ratios of restriction endonuclease fragments of the genome. Restriction endonuclease cleavage analysis showed that submolar bands present in digests of both HSV-I and HSV-2 DNA could be accounted for by the Sheldrick and Berthelot model. Endonucleases which cleave both in S and L but in none of the redundant regions produce four half molar terminal fragments and four quarter molar fragments.
The redundant sequences bounding S and L in HSV-~ were shown to be different when it was observed that Hpa I, EcoRI and Bum cleaved only one set of redundant sequences and not the other (Hayward et al. I975b; Clements et al. I976; Wilkie, I976; Wilkie & Cortini, I976; Skare & Summers, I977) . In this case four half molar fragments were produced, and no quarter molar fragments.
Enzymes which cleave only within one of the unique regions do not produce quarter molar fragments either (e.g. Xba: HSV-I DNA; Wilkie, I976). Each region is indicated with letters: short region (S), long region (L), short unique sequences (US), long unique sequences (UL), terminal redundant sequences (TRs and TRO, internal redundant sequences ORs and IRO. The nomenclature used is similar to that proposed originally by Sheldrick & t~erthelot (I974) and was adapted at the Cold Spring Harbor Herpesvirus Meeting, I976. The four arrangements of the DNA are shown. Three hypothetical endonuclease cleavages (~), one in the short and two in the long region are shown to change position in respect to each other as the orientations of S and L change. The terminal fragments are half molar, whereas the internal fragments spanning the redundant sequences are quarter molar.
Physical maps have been prepared for HSV-I (Wilkie, x 976; Skare & Summers, 1977) . In this work the order of the fragments produced with the endonucleases EcoRI, Hind III, Bgl II, Xba and Hpa I in HSV-2 DNA has been established.
METHODS
Cells. BHK-2I (CI3) cells were grown in monolayers as previously described (Wilkie, 1973) .
DNA. Restriction endonuclease digestion of HSV-2 DNA, analysis and purification of DNA fragments, the Southern DNA transfer technique (Southern, I975) and hybridization methods were carried out as previously described (Clements et al. 1976 ; Wilkie & Cortini, I976) .
Construction of maps. The following rationale was used to construct the physical maps: let us consider an hypothetical DNA molecule cleaved by the enzymes X and Y. Double digest fragments are assigned numerals rather than letters. Suppose that the fragment Xa, isolated and digested by the enzyme Y, generates fragments I and 2:
i I
In order to map Xa it is necessary to identify the Y fragments which, when cleaved by X, would produce fragments I or 2. Let us call Yb one of these fragments:
SXa;
Yb also generates fragment 3. Further linkage can be obtained when the X fragment which produces fragment 3 on re-cleavage can be identified. Application of this logic to all the fragments leads to completion of the maps. In this work the assignment of the origin of double digest fragments from individual single digest fragments, has been achieved with three methods: (I) by further cleavage of isolated fragments, (2) by hybridization of a~P-labelled fragments produced with one restriction enzyme to the unlabelled fragments produced by a different restriction enzyme, and (3) by direct comparison of the independent single digest cleavage patterns produced by two enzymes with the double digest pattern.
RESULTS

Cleavage patterns
The cleavage patterns of HSV-z strain HG 52 DNA with the restriction enzymes EcoRI, Hind III, Bgl II, Xba and Hpa I are shown in Fig. 2 . The number of fragments in each band and their molarities are indicated. DNA was cleaved with the restriction endonucleases shown and separated by electrophoresis on agarose gels. Microdensitometer tracings were from autoradiographs of 32p-labelled D N A or from negatives of photographs taken under u.v. light of ethidium bromide-stained gels (Polaroid Io5 positive-negative film). Each fragment was assigned a letter of the alphabet following an agreement among different groups which was reached at the Herpesvirus Meeting in Cold Spring Harbor (September, 1976) . The small fragment EcoRI p (see Fig. 3 ) was not present in the gel shown (see Fig. 4 ). In each case the uncleaved fragments are analysed in slots adjacent to the further cleavage products of that fragment. The figure is composed of three different gels. Gel x shows the cleavage profile ofEcoRI a.
Gel 2 shows the cleavage profiles of EcoRIf, ghi, j, k and/. Gel 3 shows the cleavage profiles of EcoRI m, n and o. The gels 2 and 3 had markers migrating very similarly, and therefore they could be shown together. The EcoRI and EcoRI+Hind Ili markers derive from autoradiographs of gels 2 and 3, respectively, which had been exposed for shorter intervals than the corresponding autoradiographs showing the cleavages of isolated fragments. internally consistent. The figures for EcoRI and Hind III are somewhat higher than in our previous publication (Clements et al. r976 ) especially for high mol. wt. fragments. Table I also shows the expected molarity for each DNA band based on the particular theoretical model for each digest as analysed in each individual case.
Experimental data f o r assignment o f relative portions to EcoRI and Hind 111 sites
In Fig. 3 the single and double cleavage patterns produced by EcoRI and Hind III are shown. Fig. 4 shows an experiment in which 3~P-fragments produced by cleavage with EcoRI were isolated and further cleaved with Hind III. The reverse experiment was also carried out, as shown in Fig. 5 . . Hybridization of isolated 32P-labelled Hind III and EcoRI fragments to unlabelled DNA fragments produced by EcoRI + Hind lII. The technique was that described previously (Southern, I975) , and annealing of labelled DNA to unlabelled DNA on nitrocellulose membrane was determined by autoradiography. The positions of the unlabelled DNA bands on nitrocellulose membrane strips were located by annealing the fragments with unfractionated a2P-labelled HSV-2 DNA (total). Hind III a was contaminated with Hind III b.
M o s t of the conclusions summarized in Fig. 8 can readily be obtained from the data presented in Fig. 3 to 7-A complete derivation of the data summarized in Fig. 8 depends on knowledge of the m a p positions of fragments containing the repetitive sequences and this is dealt with in the next section.
Alignment of the half and quarter molar fragments of EcoR1 and Hind III digests and their assignment to the short and long regions of the genome
After EeoRI cleavage, three of the half molar terminal fragments (f, k and m) and all four quarter molar fragments present in this digest can be separated as individual, single fragments. This enzyme has cleavage sites in the short and long unique sequences but none in the HindlII i and rn appear to be half molar fragments. HindlIIjk (total molarity = I) must correspond to two half molar fragments since, upon digestion with EcoRI (Fig. 3) , only one of them remains intact (j corresponding to half molar fragment I I in the double digest), whereas the other (k) is cleaved. Hind III bands cd, efg, which have molarities different from unity, must therefore correspond to quarter molar fragments.
On the basis of the re-cleavage experiments shown in Fig. 3 and 4 and summarized in Fig. 8 , Hind III m is contained within EcoRI k, Hind IH i is contained within fragmentfand EcoRI m is contained within Hind III j or k. Since Hind III j is not cleaved by EcoRI, EcoRI m must be contained within k.
From the results described above and the corresponding tool. wt. for the fragments, we conclude that the relation between the half and quarter molar fragments of Hind III is the following: c = k + i, d = k +j, f = m + i and g = rn +j.
The described alignment of the half and quarter molar fragments of EcoRI and Hind III does not allow assignment to the short and long regions of the genome. However, the following observations led to the solution of this problem. by EcoRI in two fragments, one of which, fragment 18, is also the cleavage product of three EcoRI bands: e, e and ghi. Since the quarter molar fragments c and e contain the DNA sequences present in the half molar fragment h, it can be concluded that Hind III a and EcoRI h overlap. HindIII a has a tool. wt. ofzv7 × Io e and must map in the long unique region of the genome. The long unique region is therefore delimited by EeoRI h at one end, and consequently EcoRIfat the other (see above), whereas the short unique region is delimited by EcoRI m and k.
Construction of complete physical maps for EcoRI and Hind III 
Section 1
EcoRIfwas cleaved by Hind III into fragment IO and one of the two fragments of the group I4-I 5. Fragment IO was also produced by the cleavage of Hind III i with EcoRI, and therefore Hind III i shares sequences with EcoRI f. This result has already been described when the ends of the genome have been mapped; EcoRIfand Hind III i are both half molar fragments.
Fragments in bands 14 and 15 were produced by the cleavage of Hind In b and by the cleavage of Hind IiI jk. Since Hind III j and k are both half molar fragments mapping in another part of the genome (see Fig. 9 ), they cannot possibly have a I molar cleavage product which shares sequences with EeoRI f and therefore EcoRI f shares sequences with the other Hind III fragment, Hind III b.
Section 2
Hind III b was cleaved by EcoRI into three fragments present in band 7-8, band 12 and band 14-15. If a fragment is cleaved into three, it follows that at least one of the three cleavage products must map entirely within the original one and should be resistant to the other enzyme:
T T
Both EcoRIj and m, which migrate with band 7-8 and 14-15 respectively (Fig. 8 ) satisfy this requisite because neither are cleaved by Hind III. However, EcoRI rn is a terminal fragment from the short region, so EcoRI j must be contained entirely within Hind III b. 
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Fragment I2, and therefore one fragment of the group EcoRI ghi, must map on one side or the other of EcoRIj. Taking into account that EcoRI h is a half molar fragment mapping in another part of the genome (see Fig. 9 ), it was concluded that either EcoRI g or i should be adjacent to EcoRIj. It was decided to call EcoRI i the fragment adjacent to EcoRIj and EcoRI g the other one, wherever it maps.
EcoRI m maps elsewhere, so the remaining EcoRI sequences contributing to Hind III b must be derived from EcoRIf, b and d. EcoRI b and d contain the EcoRIfsequence, and since EcoRI was shown to overlap with Hind III b in the previous section, the extended map shown in section 2 of Fig. Io can be derived.
Section 3
The group of fragments EcoRI ghi was cleaved by Hind III in 8 fragments, each of them being the cleavage product of the indicated Hind III fragment(s).
The Hind III fragments which map against the half molar terminal fragment EcoRI h (Hind III jk, a and o) are indicated by arrows in Fig. Io and are discussed below.
The remaining five double digest fragments derive from four Hind III fragments (b, h, n and one of the group efg) which must share sequences with EcoRI g and i. Hind III b has already been mapped and its overlap with EcoRI i described (Section 2). Hind III h is cleaved by EcoRI into two fragments, both of which also derive from EcoRI ghi. Since Hind III h hybridizes exclusively to EcoRI ghi (Fig. 6) , it follows that Hind III h must contain sequences from both EcoRI g and i, which must therefore be adjacent on the physical map.
Any remaining fragment (Hind III efg or n) which maps in EcoRI i, would not be further cleaved, since the sites delimiting i have already been assigned (they cleave Hind III b and h). It follows that Hind III e (Hind III f and g are quarter molar fragments which must map elsewhere) lies in an overlap position with EcoRl g, and is cleaved by the site which delimits g. Hind III n, which is not cleaved by EcoRI, could lie within either EcoRI i or g. The extended map shown in Section 3 has therefore been derived.
Section 4
The group Hind III efg has four cleavage products. Two of them, in the group I-2-3-4, are quarter molar fragments identical to the Hind III quarter molar fragments f and g, which are not cleaved by EcoRI. It follows that the two other double digest fragments must be cleavage products of Hind III e. Fragment 22 is derived from EcoRI g (Section 3) and has already been mapped. The other fragment is derived from EcoRI a which must therefore be adjacent to EcoRI g.
Section 5
EcoRI a was cleaved by Hind III into two fragments (5 and 6) of identical mol. wt. (Fig.  4 and 8) . One of these fragments was the cleavage product of Hind III e (Section 4), the other one must therefore be the cleavage product of Hind 1II a. Hind III a therefore maps adjacent to Hind III e.
Section 6
HindlII a was cleaved by EcoRI into four fragments (5 or 6, 9, 18 and 24). Consequently two of these fragments must map entirely within Hind III a. Two EcoRI fragments, l and p which are not further cleaved and co-migrate with fragments 9 and 24, comply with this rule, although from these data it was not possible to tell in which relative order they map within Hind III a. Of the two other fragments, one (5 or 6) has been mapped at the Hind III a-e junction. The remaining fragment (I8) was the cleavage product of three EcoRI fragments: c, e and ghi. This point has previously been discussed when mapping the terminal fragments of the short and long region of the genome and it has been shown that Hind III a is close to the terminus and contains the terminal EcoRI h sequences (c and e are internal inversions of h). Since the maps in Fig. 1o show only one genome arrangement, in which the EcoRI h sequences are at the internal repetitions, the map shown in Section 6 has Hind III a overlapping with the quarter molar EcoRI c fragment.
Section 7
EcoR[ c was cleaved into four fragments with Hind III. Two of them must be fragments which are Hind III limit digest fragments. The quarter molar Hind III g (see Fig. 9 ) and the molar Hind III o fulfil this requirement (Hind IIIfhas been mapped elsewhere, see Fig. 9 ). Fig, 6 shows that Hind III o hybridizes to EcoRI c, e and ghi. The quarter molar fragments c and e contain sequences of the terminal fragment EcoRI h which maps in the long region (Fig. 9 )-Since Hind III o is a molar fragment it must map in the long unique region. The only position within EcoRI c compatible with these data is adjacent to Hind III g on the map shown in Fig. ~o Section 7.
One of the remaining two fragments (I7 and I8), fragment I8, has previously been shown to be the overlap between Hind III a and EcoRI e (and e and h). The remaining fragment I7 derives from Hind III ! and must map in the short region. Thus, Hind III l comes from within the unique part of the short region of the genome, and lies adjacent to Hind Ili g (and therefore also to the quarter molar fragmentfand the terminal half molar fragment m; see Fig. 9 ).
Section 8
Hind III I was cleaved by EcoRI into two fragments. One of them, I7, has been discussed in Section 7-The other one, I6, was the cleavage product of EcoRI n.
Section 9
At this point in the construction of the linkage map, all the Hind III fragments except k have been dealt with. Hind III k is a terminal fragment of the short region, and must therefore be adjacent to Hind III l, thus completing the Hind IH map (with the exception of the relative positions of n and h which are elucidated below). EcoRI m is a terminal fragment within Hind III k (see Fig. 9 ). The only remaining EcoRI fragment is o. Fig. 7 shows that Hind III o hybridizes only to Hind IIIjk and cd. Hind III c and d contain inverted Hind III k sequences. EeoRI o must therefore be within Hind III k and adjacent to EcoRI m and n, thus completing the EcoRI map. The Hind III site delimiting Hind III k and l lies very close to the EcoRI site on the EeoRI o-n junction. EeoRI n is cleaved at this Hind III site to produce a very small double digest fragment (25) which was observed after a long exposure of the autoradiograph shown in Fig. 4 . Fig. I5 shows the complete physical maps for EeoRI and Hind III in the configuration l of Fig. 9 . The derivation of quarter molar fragments spanning the internal repetitions from the appropriate half molar fragments is shown.
The mol. wt. of the entire HSV-2 genome and the short and long regions were calculated by summing the mol. wt. of individual fragments from different regions of the maps. In the EeoRI cleavage pattern the genome was 98"3 x IO 6 daltons, and the short and long whole regions i8.2 and 8o.I x IO 6 daltons respectively. In the HindlII cleavage pattern the genome Physical maps for Bgl II, X b a and H p a I
H S V -2 D N A physical maps
The maps for these enzymes were elucidated by techniques and rationale identical to those described above. The basic data for the derivation o f the maps is presented in Fig. Io and final maps are depicted in Fig. 15 . The restriction enzyme cleavage models were worked out from the data shown in Table I and confirmed by the analyses. It should be noted that the Xba fragments a, b and c were too large to estimate their tool. wt. by the analytical gel electrophoresis technique employed in these studies. The mol. wt. of these fragments were calculated by identifying the four cleavage sites for Xba by further cleavage of EcoRI, Hind III and Bgl II fragments,
The relative order of Bgl lI n and c, Hind III h and n, EcoRI I and p were elucidated by further cleavage and hybridization experiments which space does not permit us to present. The order of Bgl II r and p could not be worked out by the techniques already described in this report. However, recently it has been possible to orient the physical maps for HSV-I and HSV-2, both by studying the cross hybridization of fragments of the genomes (R. Cortini & N. M. Wilkie, unpublished data) , and by physical analysis of the genomes of recombinants between HSV-I and HSV-2 (Wilkie et at. I977b ) . Thus, by hybridizing Bgl III r andp from HSV-2 to fragments of HSV-I DNA, it was possible to obtain the order of r and p on the HSV-2 genome (providing no local inversion of sequences in the two genomes had occurred). This order is shown on the physical map in 
DISCUSSION
The five physical maps for HSV-2 DNA are different from the corresponding maps for HSV-I DNA (Wilkie, I976; Skare & Summers, I977; Wilkie et al. I977a) .
The two genomes have different cleavage patterns and very few, if any, sites appear to be coincident (Wilkie et al. I977b) . The maps for the repetitive sequences are as different as the unique regions, since enzymes which cleave the repetitive sequences in HSV-t DNA (EcoRI and Hpa I) do not cleave the repetitive sequences in HSV-2 DNA.
On the basis of the maps the mol. wt. of the total HSV-2 genome, and of the short and long regions (repetitive sequences included), have been calculated. This was done by summation of the mol. wt. of individual fragments. The average mol. wt. of the genome, the short and long regions, calculated from the five enzyme digests, were: 98.5, I7"9 and 8o'7 × ~o n respectively. The cleavage pattern of Xba was only used to calculate the mol. wt. of the short region because it was not possible to measure the mol. wt. of one of the major fragments of the long region (Xba c see above). The values found are very similar to those for HSV-I DNA (Wilkie, 1976; Skare & Summers, I977) .
Since none of the restriction endonucleases studied here cleaves the repetitive sequences, we only have upper limit estimates of their mol. wt. EeoRI m (4"9 × ~o6) and Hpa I g (6-2 x I@) are the smallest fragments containing the repetitive sequences of the short and long regions respectively. These figures are very close to those found for the repetitive regions of HSV-I DNA using the same methods (Wilkie, I976; Skate & Summers, I977) . Electron microscopic data (Sheldrick & Berthelot, I974; Hayward et al. I975b; Wadsworth et al. I975) suggested that in HSV-I the two internal repetitive sequences together have a tool. wt. of about Io x ~o 6. This result was in agreement with an estimate of about 4 and 6 × Ion for the repetitive sequences present at the short and long region respectively (Wilkie, I976; Skare & Summers, t977)-For HSV-2 DNA there are no published estimates for these regions other than the upper limit values presented here. However, because of the Fig. I3 ).
r~ t~ IO similarities between HSV-I and HSV-2 discussed above, we have represented the repetitive sequences of the short and long region as 4 and 6 × Io 6 respectively (see Fig. I5 ). The maps shown in Fig. 15 appear to be consistent with those constructed for HSV-2 DNA by G. S. Hayward, T. G. Buckman and B. Roizman (personal communication).
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